OCTOBER 1996

ANDERSON ET AL.

Performance Characteristics of a High-Sensitivity, Three-Wavelength,
Total Scatter/Backscatter Nephelometer

T. L. ANDERSON, * D. S. COVERT, * S. F. MARSHALL,* " M. L. LAUCKs, * R. J. CHARLSON, *
A P W
A. WIEDENSOHLER, ** N. A. AHLQUIST, " AND T. S. BATES*
* Department of Atmospheric Sciences, University of Washington, Seattle, Washington
©NOAA/Climate Monitoring and Diagnostics Laboratory, Boulder, Colorado
&TSI Incorporated, St. Paul, Minnesota
** Institut fiir Troposphdrenforschung e. V., Leipzig, Germany
Y FloScan Instrument Company, Incorporated, Seattle, Washington
# NOAA/Pacific Marine Environmental Laboratory, Seattle, Washington

(Manuscript received 18 November 1995, in final form 15 March 1996)

ABSTRACT

As designed in the 1940s by Beuttell and Brewer, the integrating nephelometer offers a direct method of
measuring light scattering by airborne particles without assumptions about particle composition, shape, or phys-
ical state. A large number of such instruments have been deployed; however, only a limited number of validation
experiments have been attempted. This paper reports a set of closure experiments in which a gas-calibrated
nephelometer is used to measure the scattering coefficient of laboratory-generated particles of known size and
refractive index.

Specifically, it evaluates the performance of a high-sensitivity, three-wavelength, total scatter/backscatter
integrating nephelometer (TSI, Inc., model 3563). Sources of uncertainty associated with the gas-calibration
procedure, with photon-counting statistics, and with nonidealities in wavelength and angular sensitivity are
investigated. Tests with particle-free gases indicate that noise levels are well predicted by photon-counting
statistics and that the nephelometer response is linear over a wide range of scattering coefficients. Tests with
particles show average discrepancies between measured and predicted scattering of 4%-7%. Error analysis
indicates that these discrepancies are within experimental uncertainty, which was dominated by particle gener-
ation uncertainty. The simulation of nephelometer response, which is validated by these tests, is used to show
that errors arising from nephelometer nonidealities are less than 10% for accumulation-mode or smaller particles
(i.e., size distributions for which the volume mean diameter is 0.4 pm or less) and that significant differences
exist between the total scatter and backscatter uncertainties. Based on these findings, appropriate applications of
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the model 3563 nephelometer are discussed.

1. Introduction

The attenuation of parallel beam light during its pas-
sage through an absorbing and/or scattering medium is
described by the Beer—Lambert law [see Eq. (Al)] in
which the space rate of attenuation is called the extinc-
tion coefficient o, with units of inverse distance. In
the atmosphere, the extinction coefficient is conve-
niently separated into four components: absorption by

gas molecules o, scattering by gas molecules o,,, ab-
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sorption by particles o,,, and scattering by particles o,
each of which is a function of wavelength. For solar
wavelengths, light scattering by atmospheric aerosol
particles o, is the dominant component of extinction
near the earth’s surface and in the column integral for
clear sky conditions. Thus, o, is an important factor in
both visibility and climate change research. The pur-
pose of an integrating nephelometer is to provide a di-
rect measurement of o, (and a companion quantity o,
defined below) that is independent of the size, com-
position, and physical state of the light-scattering par-
ticles. This article evaluates the performance of a spe- .
cific nephelometer in relation to that purpose.

As devised by Beuttell and Brewer (1949), the in-
tegrating nephelometer performs a geometrical integra-
tion (see the appendix) of the angular distribution of
scattered intensity such that the scattering coefficient
of a gaseous or aerosol medium can be measured
with the combination of a Lambertian light source and
an orthogonal light detector. The enclosed version
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(Ahlquist and Charlson 1967) allows calibration with
gases of known scattering coefficient. Scattering by
particle-free air can be measured and subtracted from
subsequent measurements on an aerosol to derive o,.
The addition of a shutter that blocks illumination from
the region corresponding to scattering angles less than
90° (Charlson et al. 1974) allows measurement of the
hemispheric backscattering coefficient due to aerosol
particles, a quantity that we will designate o,,. A high-
sensitivity, photon-counting version first reported by
Heintzenberg and Bécklin (1983) incorporates 1) a ro-
tating shutter to correct for dark count, changes in lamp
brightness, and changes in photomultiplier tube sensi-
tivity, and 2) continuous temperature and pressure
measurements within the sensing volume for adjusting
the value of air scattering used to derive particle scat-
tering. These features plus beam splitters for simulta-
neous measurement at three wavelengths are described
in detail by Bodhaine et al. (1991). In this paper we
investigate a commercially produced nephelometer
(TSI, Inc., model 3563) that combines the closed ge-
ometry of Ahlquist and Charlson (1967) with the high-
sensitivity, multiwavelength features presented by
Bodhaine et al. (1991), as well as a backscatter shutter.

Practical design limitations impose nonidealities on
the wavelength and angular sensitivities of any neph-
elometer. Nonidealities in wavelength sensitivity arise
because scattering is measured over a narrow but finite
wavelength range that is not perfectly centered on the
nominal wavelength. Nonidealities in angular sensitiv-
ity arise because 1) illumination intensity should be
cosine-weighted but is not perfectly so, 2) the nephe-
lometer geometry restricts the photomultiplier tubes to
viewing scattering angles from about 7° to 170°, and
3) light blockage by the backscatter shutter does not
provide a perfectly sharp separation at 90°. Rayleigh
scattering (e.g., visible light scattered by gas molecules
and particles with diameters D, less than about 50 nm)
is characterized by simple dependencies such as o,
proportional to D§ and equal scattering in the backward
and forward hemispheres. In this scattering regime,
nephelometer nonidealities have a constant (non-size-
dependent) effect; therefore, the nephelometer mea-
sures with an accuracy limited only by the accuracy of
the gas calibration and photon-counting statistics.
However, it is the Mie scattering regime (50 nm < D,
< 5 um for visible light) that is generally of interest
in nephelometer applications because this is where
most particle mass exists and where particles scatter
light most efficiently. In this regime, the scattering
phase function varies strongly with size; therefore,
nephelometer nonidealities introduce particle-size-de-
pendent errors that constitute an additional source of
uncertainty (Ensor and Waggoner 1970; Heintzenberg
and Bhardwaja 1976; Heintzenberg 1978).

The purpose of this article is to quantify these neph-
elometer uncertainties, including their particle-size de-
pendence, for the TSI model 3563. To achieve this, a
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series of laboratory experiments were made using 1)
gases at constant density to study noise levels, 2) gases
of varying density and refractive index to study linear-
ity of response, and 3) monodisperse particles of
known size and refractive index to study response in
the Mie scattering regime. Results of the noise studies
are compared to predictions based on Poisson statistics
of photon counting. Results of the particle tests are
compared to Mie simulations using the measured wave-
length and angular sensitivities of the model 3563.

2. Methods

a. Definition of scattering quantities related to
nephelometer measurements

The TSI 3563 integrating nephelometer (Fig. 1) is
designed to measure six extensive' quantities: o}, and
o}y, the scattering coefficient and backscattering co-
efficient, respectively, by aerosol particles for mono-
chromatic radiation at each of three wavelengths, A\,
(450, 550, and 700 nm; also referred to herein as
“‘blue,”” “‘green,”” and ‘‘red’’). From these measure-
ments, intensive optical properties related to the phase
function and wavelength dependence of scattered light
can be derived. The nephelometer signals (photon
counts ) provide a relative measure of the scattering co-
efficient, such that o} and o}, can be derived only
after the nephelometer has been calibrated with gases
of known low and high scattering coefficients. The low
span gas is normally air, although other gases or even
a vacuum can also be used. This calibration procedure
determines the slope K, and offset W of a calibration
line as depicted in Fig. 2. The offset W may be physi-
cally interpreted as photon counts due to scattering by
internal surfaces (wall scatter). In the following sec-
tions, the uncertainties in nephelometer measurements
stemming from the gas calibration will be defined and
estimated. '

Results of our calibration studies with particles are
most readily interpreted by distinguishing four quan-
tities related to the scattering coefficient. Letting o rep-
resent any of the six scattering coefficients measured
by the nephelometer (that is, dropping the sub-super-
scripts o and 2, for clarity), these four quantities will
be designated as o, (for ‘‘known’’), o, (for ‘‘mea-
sured’’), og4n (for ‘‘simulated’’), and o, (for ‘‘pre-
dicted’’). Here o, is the actual scattering coefficient
that would be measured by an ideal nephelometer (see
the appendix ) or as predicted by Mie theory (assuming,
as is the case in our experiments, that the particles are
internally homogeneous spheres). The scattering co-
efficient as measured by a gas-calibrated nephelometer

! With regard to atmospheric aerosol properties, an extensive quan-
tity is a function of the amount of particulate matter present per unit
volume whereas an intensive quantity is not.
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FiG. 1. Design features of the TSI 3563 integrating nephelometer. The main body consists of a 10-cm-diameter, thin-walled aluminum
tube approximately 90 cm long. Receiving optics are located at one end of the tube with a light trap at the other end to provide a very dark
background against which to view the light scattered by particles and gases. Illumination is provided by a 75-W quartz-halogen lamp, with
a built-in elliptical reflector. The reflector focuses the light onto one end of an optical pipe, which serves to thermally isolate the lamp from
the sensing volume. The output end of the optical pipe is an opal glass diffuser that provides a nearly Lambertian light source. Within the
measuring volume, the first aperture on the detection side (Ap#1) limits the light integration to angles greater than about 7°, measured from
the horizontal surface of the opal glass. On the other side, a shadow plate limits the integration to angles less than about 170°. The measurement
volume is defined by the intersection of illumination light with a conical viewing volume established by the second and fourth aperture
plates. The fourth aperture plate incorporates a lens to collimate the scattered light so that it can be split into separate wavelengths by means
of dichroic and bandpass filters. Detection at each wavelength is by photomultiplier tubes (PMT). The reference chopper, which rotates at
23 Hz, consists of three separate areas—signal, dark, and calibrate—as shown in the inset. The signal section simply allows all light to pass
through unaltered. The dark section blocks all light to provide a measurement of PMT background noise. The calibrate section scatters a
small fraction of illumination light directly to the PMTs to provide a measure of lamp stability over time. To subtract the light scattered by
internal surfaces and the gas portion of the aerosol, a bypass filter (high-efficiency HEPA) is switched periodically in line with the inlet.
Correction for changes in gas density is accomplished continuously by means of pressure and temperature sensors. In addition, the relative
humidity of the sample volume is monitored, and a second temperature sensor at the outlet keeps track of sample heating. A rotating backscatter
shutter periodically cuts off illumination at 90° allowing hemispheric backscattering (angles from 90° to 170°) to be measured as well as total
scattering (angles from 7° to 170°).

18 0,4; O is the scattering coefficient calculated by Mie as shown in Fig. 2. In essence, the gas calibration sets
theory but integrated over the measured wavelength the constants K, and W such that
and angular sensitivities of the nephelometer. Note that
oum represents the scattering integral actually sensed On-R = OrR = KrOsim—g, (2)
by the nephelometer but does not take into account the
gas calibration. When o, is multiplied by a correction
factor Kg, which accounts for the gas calibration, we
have o,, the predicted nephelometer measurement.

In its simplest form, the linear equation relating
nephelometer photon counts C to the measured scat-
tering coefficient o, is

where the subscript R denotes Rayleigh regime.
Equation (2) indicates that a secondary effect of the
gas calibration is to correct for nephelometer nonideali-
ties. If the actual wavelength and angular sensitivities
[f(N\) and f(68), respectively] are measured and used
as input to a modified Mie integration (Fig. 3a), a cor-
rection factor Ky can be estimated that expresses the
o, =K,C— W, (1) ratio of oy to the scattering integral actually sensed by
the nephelometer o, Because the angular distribution
where the slope K, and offset W are determined by of scattered intensity does not change with particle size
calibration with two span gases (typically air and CO,) or wavelength in the Rayleigh regime, K is a constant
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Fic. 2. Calibration of the nephelometer is based on the assumption
of a linear response to changing scattering coefficient. The slope of
the calibration line K, is determined by measuring the normalized
photon-counting rates C associated with high and low span gases of
known scattering coefficient o,. Standard dry air and CO, were used
in our experiments, as depicted above. The zero offset W could be
determined by extrapolating this line to a photon-counting rate of
zero. In practice, W is determined by a zeroing procedure (not de-
picted) in which filtered, particle-free air is introduced into the neph-
elometer.

and (2) holds, as indicated, not just for the calibration
gases but for any Rayleigh scattering medium.

In the Mie regime, scattered intensity is a highly ir-
regular function of scattering angle and this function is
strongly dependent on particle size and wavelength.
For homogeneous, spherical particles of known size
and refractive index, a modified Mie integration (i.e.,
integration of the Mie phase function over the nephe-
lometer angular and wavelength sensitivities) can still
be used to calculate og,, but the ratio between this
quantity and o, will no longer be a constant. If such
particles are introduced into a gas-calibrated nephelom-
eter (as in our particle experiments ), the nephelometer
measurement as a function of particle diameter, o,,(D,)
can be compared to a predicted measurement ¢,(D,),
which derives from the nephelometer simulation and
the Rayleigh correction factor

ap(Dp) = KRasim(Dp)- (3)

The comparison of o, with o,, constitutes a closure ex-
periment (Fig. 3b), which can either succeed or fail to
find agreement within the experimental uncertainties.
In the latter case, measurements, assumptions, and cal-
culations must be checked and the experiment repeated.
Once a successful closure experiment has been
achieved, the discrepancy between o, and o, provides
an objective measure of the combined uncertainty of
the theoretical and experimental methods. Furthermore,
the nephelometer simulation can then be extrapolated
to a broad range of sizes or size distributions to enable
a general investigation of size-dependent performance
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characteristics. For this purpose, o, is compared to o,
the “‘*known’’ or ‘‘true’’ scattering coefficient, as in-
dicated in Fig. 3c.

b. Calibration equations

The TSI 3563 nephelometer converts photon counts
to particle scattering coefficient o, and backscattering
coefficient o,,, as follows:

0y = KyCp — W — 04_ie(T, P) (4)

(5)

where K, (m™') is the calibration slope; W and W,
(m™") are the wall scatter constants for total scatter and
backscatter, respectively; o4_i.(T, P) (m™') is the cal-
culated, temperature- and pressure-dependent scatter-
ing coefficient of standard dry air?; C,, and C,,, are the
normalized photon count rates for total scatter and
backscatter, respectively (normalization -corrects for
dark count and lamp drift); and K, is a backscatter
correction factor. Note that (5) assumes that the cali-
bration slope K, is the same for backscatter as for total
scatter, thereby allowing the additional correction fac-
tor K, to be introduced. This assumption is slightly un-
realistic in that K, not only converts photon counts to
scattering coefficient but also corrects for the angular
sensitivities of the nephelometer, which may differ be-
tween backscatter and total scatter. That is, K, implic-
itly includes the Rayleigh-regime correction factor Ky
discussed above [see Egs. (2) and (3)]. The factor K,
is determined by the calibration procedure and is in-
tended to correct for cases where the backscatter shutter
is slightly off center—as indicated by K, values that
differ slightly from 0.5. According to this calibration
procedure, the backscatter-to-total-scatter ratio for
gases or Rayleigh-regime particles is set to K, whereas
the target value of this ratio (90°—180° backscatter di-
vided by 0°—180° total scatter) is 0.5. An alternate cal-
ibration procedure would be to replace K, in (5) with
a separate backscatter calibration slope K,,, and replace
K, with a constant value of 0.5. However, the two meth-
ods are nearly identical as long as K, comes out within
a few percent of 0.5.

Calibration is accomplished by introducing particle-
free span gases of known scattering coefficient into the
nephelometer and solving the following four equations
for calibration constants K,, K,, W, and W,:

Opsp = KoCpup — Wy, — Ks040ie (T, P),

low span gas:
0p =KCo—W—040=0 (6)

C Oy = KoCrop — Wy, — Kyoyogo = 0 7

2 Standard dry air is defined as 78.09% N,, 20.95% O,, 0.93% Ar,
and 0.03% CO, by volume.
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Fic. 3. Conceptual depiction of nephelometer characterization ex-
periments; X refers to wavelength and 6 to scattering angle. The sub-
script R refers to Rayleigh-regime scattering; D, indicates particle
diameter; oy, 0, Ogm, and o, are the known, measured, simulated,
and predicted scattering coefficients, respectively.

high span gas:

Osp = KCi — W—o04 =0 (8)

Tpsp = K:Cyp — Wy, — KiOpoy = 0, 9)
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where the C’s and o,’s are normalized photon count
rates and known scattering coefficients, respectively, as
before. The solutions for K, and K, are

_ Ok—hi — Op-1o

K, = 10
27 Cu— G (10)
Chib_clob
Ky=————m——. 11
YT G- G (h

Wall scatter values W and W, can be determined and
adjusted between calibrations by a zeroing procedure
in which filtered air is introduced into the nephelome-
ter. Their values are given by

W = KzCZ = Ok—z
W, = K;,Cp — KyOggs

(12)
(13)

where the subscript z denotes photon counts or scatter-
ing coefficients associated with the filtered, ‘‘zero’’ air.
Automated and routine zeroing with ambient air not
only corrects for changes in scattering by internal wall
surfaces but also corrects for changes in refractive in-
dex of the carrier gas due, for instance, to changes in
water vapor content. Thus, while the calibration slope
K, is best determined with tank gases for which the
scattering coefficients are most accurately known, the
calibration offsets W and W, are best determined with
filtered ambient air under normal sampling conditions.

c. Measurement uncertainties
1) GENERAL UNCERTAINTY EQUATION

If quantity y depends on parameters p,, the uncer-
tainty of each parameter contributes to y uncertainty
according to the derivative of y with respect to that
quantity. These contributions sum in quadrature. Des-
ignating uncertainties with the prefix 6 and derivatives
with the prefix 0, we have

2
5y2=2<g 517,-) , (14)

i 8pl
where we have assumed independent parameters p;,
such that correlation terms can be neglected. The neph-
elometer measurements can be expressed in terms of
basic, independent parameters by substituting (10)
through (13) into (4) and (5), respectively, to give

_ Ok—hi ~— Tk-lo

Osp Chi _ Clo (Cm - Cz) - (O'kvair - Uk—z) (15)
Ok—hi ~ Ok-lo
Tow =0 T (Cor — C)
Cui» — G
—éijfwmywHy<m>

Equations (15) and (16) show that the basic parameters
underlying the nephelometer measurements are all dif-
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ferences. These differences divide into two categories:
those involving photon counts C, and those involving
known gas scattering coefficients g,. If the carrier gas
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and zero gas are the same, all terms involving the dif-
ference (04—ar — 0r—,) drop out, such that the calibration
and photon-counting uncertainties are given by

[M6(Cm _ Cz)] + [(Uk—hl O-10){(Chi Cz) 6(Chi _ C]o)] +

Cui — Gio
(60,)* = C

(Chi - (jlo)2

-

v

meas. and zero count (noise)

The uncertainty equation for backscatter o, is identi-
cal to (17) except that C,, and C, are replaced with C,,;
and C,, respectively. Equation (17) identifies three
sources of nephelometer uncertainty: uncertainty of
photon counts during the measurement and zeroing
procedures, uncertainty of photon counts during the
calibration, and uncertainty in the scattering coeffi-
cients of the calibration gases. In eliminating the term
containing 6(o,—., — 0x—.), we have implicitly as-
sumed that carrier- and zero-gas uncertainties are sys-
tematic (not random). This point is further explained
and justified below. :

2) CALIBRATION GAS UNCERTAINTIES

The scattering coefficient of a gas varies with tem-
perature T and pressure P according to the ideal gas

law
273.2 P
O—gas — Jk—gas(STP)(T> <—Ia-3_2> 9 (18)

where standard temperature and pressure (STP) has
been defined as 273.2 K and 1013.2 mb. Equation (18)
implies that o, uncertainties can be separated into two
components:

(804—gas)? = [604gus(STP)]?

+ [601-gas(env) 1%, (19)

where §0_,,s(STP) refers to uncertainty in the litera-
ture-derived values of scattering coefficient at STP, and
60 4—gss(env) refers to gas density uncertainties in the
nephelometer sensing environment. To evaluate the
former term, we first introduce the standard equation
(e.g., see Middleton 1952, p. 19) for the scattering co-

efficient of a gas:
8n3(n*—1)*
O'k—gas(STps )\) = T —IVQ)\T Fl(a (20)

"

calibration count

Cm - Cz 2
[E;TC_R, 6(0k-ni — Uk-lo)] -

(17)

—

-~

calibration gases

where n is the refractive index of the gas at wavelength
N\, N, is the molecular number density at STP
(2.687E25 molecules per cubic meter), and Fy is the
depolarization factor (King 1923) that accounts for ad-
ditional scattering by optically anisotropic molecules
compared to isotropic molecules of the same refractive
index. Standard formulas for refractive index of air and
CO, (CRC 1994, 10-302; Owens 1967; Eldén 1966)
give (n — 1) to an accuracy of better than four signif-
icant figures, which translates into o, uncertainties of
less than 0.1%. The depolarization factors are a more -
significant source of uncertainty. For air, the best avail-
able data indicate Fx values of 1.050, 1.049, and 1.048
for the respective nephelometer wavelengths of 450,
550, and 700 nm (Bucholtz 1995) with an uncertainty
of about +0.0025 (Young 1980). For CO,, Fi values
of 1.156, 1.153, and 1.149 for the same three wave-
lengths and an uncertainty of +0.0104 for all wave-
lengths have been adopted based on wavelength-de-
pendent measurements by Alms et al. (1975) and the
range of values reported by various investigators
(Penndorf 1957; Cutten 1974; Alms et al. 1975; Young
1980). The central values recommended here are
slightly smaller than those based on Penndorf (1957),
which were adopted in a previous determination of o,
values for use in nephelometer calibrations (Bodhaine
et al. 1991). Table 1 summarizes the recommended
values and uncertainties of o, (STP, \) for air and CO,.
These values are consistent with a CO,-to-air scattering
ratio of 2.59 * 0.03, which can be compared to 2.61
+ 0.03 measured by Bhardwaja (1973) with an air-He
calibrated nephelometer and to a ratio of 2.59 deter-
mined theoretically by Cutten (1974).

The absolute accuracy of the 7 and P measurements
within the nephelometer are given by the manufacturer
as 6T = +0.5 K and 6P = *1.5 mb. For temperature,
there is an additional source of uncertainty arising from
the heating of the airstream by the lamp. This causes a
small temperature gradient within the nephelometer sens-
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TABLE 1. Recommended values* and uncertainties of scattering coefficients for air and CO,.

Or—ai(STP) 604—ai(STP) ag k—CO;(STP) bo k—CO;(STP)
(Mm™) (Mm™) (Mm™) (Mm™")
Wavelength - R
(nm) BO1** This work This work B91 This work This work
450 27.89 27.61 +0.24% 72.79 71.83 +0.90%
550 12.26 12.125 +0.24% 31.99 31.40 +0.90%
700 4.605 4.549 +0.24% 12.01 11.74 +0.90%
* Values given at STP (273.2 K and 1013.2 mb) and for each of the nominal nephelometer wavelengths.
** B91 refers to values recommended by Bodhaine et al. (1991).
ing volume and thus some uncertainty as to the appro- Ticwer _ L e,(T) RH 23
priate average temperature. We will assume this uncer- Oty “hpT i P 100 (23)

tainty is 0.2 times the difference between inlet and outlet
temperatures, which was 4 K for our tests. The total tem-
perature uncertainty is thus given by the square root of
(0.5% + 0.8%) —that is, §T = 0.9 K. Applying (14) to
(18), we can evaluate the relative uncertainty in o, due
to gas density uncertainties near sea level as

bopgleny) ' _ (AT\?  (APY?
O k—gas B T P

=(0.31%)* + (0.15%)* = (0.34%)*. (21)

Using this value and those in Table 1, the total relative
uncertainties in o, are about 0.42% for air and 0.95%
for CO,.

3) EFFECTS OF WATER VAPOR

So far we have assumed that ‘‘air’’ is always stan-
dard dry air. The effect on scattering coefficient for
different molecular mixtures is a function of the
changes in refractive index and depolarization factor.
From (20) we have

O k—mix _ (ngﬁx - 1)2 FK—mix
Ok—std (ngtd - 1)2 Fr_ga

(22)

where o,_qq refers to standard dry air and oy, refers
to air with a different molecular composition. Refrac-
tive index effects were studied by Owens (1967). His
results indicate that for all reasonable sampling con-
ditions (e.g., as long as direct sampling of smoke stacks
is avoided), the only significant deviations from stan-
dard dry air come about from the presence of water
vapor.

The effect of water vapor on scattering coefficient is
proportional, to an excellent approximation, to the frac-
tion of water molecules in the gas, ¢/P (where e and
P are the water vapor pressure and total pressure. re-
spectively ). Thus, we can introduce a water vapor cor-
rection factor 7, which accounts for both the refractive
index and depolarization effects,

Here e,(T) is the saturation water vapor pressure at
temperature 7. The results of Owens (1967) indicate
that 7 = 0.31; however, this assumes that water vapor
and standard dry air have the same depolarization
factor (about 1.05). We were unable to find literature
values for Fg_y,0. Since the electron cloud surround-
ing a water molecule is more nearly spherical than
for either O, or N,, Fx_y,0 is probably less than 1.05.
As limiting cases, we assume 1.00 < Fx_y,0 < 1.10,
which yields n = 0.31 £ 0.05. At 30°C, ¢,(T) =42.4
mb. For this temperature, therefore, assuming P
= 1013.2 mb, an RH of 30% would change o;_ ;. by
—0.39% = 0.06% compared to dry air, while an RH
of 85% would change o4_,;, by —1.1% * 0.2%. For
a given value of RH, this effect diminishes rapidly at
lower temperatures and increases rapidly at higher
temperatures due to the strong nonlinearity of the
function e¢,(T).

There are two sources of error associated with this wa-
ter vapor effect. During calibration it could result in
slightly erroneous values of o;_;,, which would affect K.
This possibility can be eliminated by using dry air (bot-
tled standard air or dried ambient air ) during calibrations.
During measurements and zeroing procedures the pres-
ence of water vapor could result in slightly erroneous
values of oy and o,_,. However, as shown in (15) and
(16), these errors would offset each other as long as the
vapor pressure within the nephelometer does not change.
[For humidity-controlled, RH-scanning nephelometers
(Covert et al. 1972) this is clearly a poor assumption.]
Thus, a useful protocol is to calibrate with dry air and
perform zeroing procedures with ambient air. If such a
procedure is adopted, as it was in these experiments, wa-
ter vapor errors become negligible. If dry air is not avail-
able, a correction factor for o,_,, can be calculated from
(23) and the measured T and RH in the nephelometer.

4) PHOTON-COUNTING UNCERTAINTIES

Photon-counting uncertainties affect both measure-
ment noise and accuracy, the latter arising from uncer-
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tainties during calibration. Both these sources of un-
certainty can be estimated from the reported photon
count rates and Poisson statistics. Photon counts exist
in three forms—raw, scaled, and normalized. Raw
counts C,,, and scaled count rates C,; (in hertz) are
defined for the three portions of the rotating shutter (see
Fig. 1 inset) —calibrate, signal, and dark. The nor-
malized photon counts C presented in (15) through
(17) above, combine the three scaled counts to derive
a signal that is corrected for dark counts and changes
in lamp brightness:

Cs—sig - Cs—dark
C's—cal -

The conversion from raw to scaled counts is given in
each case by

C= (24)

Cs —dark

Caw 360°
T G’

where 7 is the sample time and G is the gate width (in
degrees) for the appropriate portion of the rotating
shutter—40° for calibrate, 140° for signal, and 60° for
dark. The factor of 2 arises because half the time is
spent counting backscatter photons; however, this fac-
tor is omitted for dark counts that are accumulated dur-
ing both positions of the backscatter shutter. (A small
correction for photomultiplier dead time, which does
not affect the uncertainty analysis because it only
comes into play at very high photon count rates, is ne-
glected in this discussion.)
The Poisson uncertainty for raw photon counts is

8Cppw = Cran. (26)

Thus, the uncertainty for each of the three types of
scaled counts is given by

2 X 360 X C,
TG ’

C=2 (25)

6C2 = (27)

The uncertainty of the normalized photon counts C will
be, according to (14)

C 2
6C2=z (aac 6Cs—j> ’
=7

j

(28)

where the index j refers to the three types of scaled
counts—signal, calibrate, and dark—shown in (24)
and C can refer to any of the normalized count rates
indicated in (17).

5) SUMMED UNCERTAINTIES DUE TO NOISE
AND CALIBRATION

We are now in a position to evaluate each of the
terms in (17) and its equivalent for backscatter. For the
o parameters, uncertainties are given in Table 1 and
(21). For the C parameters (normalized photon-count-
ing rates), (28) can be applied given the averaging
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time and the scaled photon-counting rates as repcrted
by the nephelometer. The summed uncertainty applies
to an ideal nephelometer (see the appendix) and/or to
any Rayleigh-scattering medium (where nephelometer
nonidealities do not come into play). It does not rep-
resent total nephelometer uncertainty in the Mie re-
gime, since wavelength and angular nonidealities have
not yet been considered [see section 2¢(6)].

Note that uncertainty in the carrier gas scattering co-
efficient 60—, does not appear in (17). This term can
be omitted if it can be assumed to be systematic for all
measurements because the nephelometer is zeroed with
the carrier gas. In that case, as shown in (15) and (16),
systematic errors in o,_,;, will be canceled out by iden-
tical errors in o,_,. Here 60, arises from uncertainty
in the literature values of o_,,(STP) —which is ob-
viously systematic—and from uncertainty in the gas
density within the nephelometer. Thus, assuming that
00 k_q 1s Systematic is equivalent to assuming that 6T
and 6P are systematic—that is, that uncertainties in
nephelometer temperature and pressure measurements
have negligible contributions from random noise. This
assumption is borne out by the absence of detectable
variation of T and P during steady conditions and by
the finding (presented in section 3a) that o, and oy,
noise is well predicted by photon-counting uncertain-
ties alone.

6) WAVELENGTH AND ANGULAR NONIDEALITIES

An ideal nephelometer (appendix) responds to
monochromatic radiation emitted from a Lambertian,
point source, and scattered by volume elements that act
as point sources of scattered light. If, in addition, the
sensing volume is infinitely long such that scattering
angles from 0° to 180° are detected and the backscatter
shutter performs a perfectly sharp cutoff at 90° of the
illumination light, the signals of this nephelometer will
be proportional to ¢} and o}, respectively. To eval-
uate the most important ways in which practical neph-
elometer designs differ from this ideal, we introduce a
wavelength sensitivity function f; (A) for each nominal
wavelength \; and angular sensitivity functions for rotal
scatter and backscatter, f(8) and f,(8), respectively.
These are defined such that

J‘mﬁ()\)d)\ =1 (29)

0

[ r@rao = sinpas =2 o)
0 0

fwfb(e)de = Jm sinfdf = 1. (31)
0 /2

To measure f;(\), the light trap was removed and
the detectors (40-nm bandwidth filters plus photomul-
tiplier tubes) were directly illuminated with light from
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a Beckman model B spectrophotometer. Wavelength-
dependent response was scanned using approximately
2-nm increments. The resulting sensitivity functions
(average plus/minus one standard deviation for four
instruments) are plotted in Fig. 4a. For an ideal neph-
elometer, each f; (\) would be a delta function centered
at the nominal wavelength \;. Actual central wave-
lengths differ by 2—3 nm from these nominal values.
This, plus the finite bandwidth, constitute a source of
error in measurements of o) and o}, because the
wavelength dependence of particle scattering varies
with size and is different from that for the calibration
gases.

We measured f(4) and f,(8) in a manner similar to
Heintzenberg (1978). The illumination system (halo-
gen lamp, light pipe, opal glass, backscatter shutter, and
shadow plate—Fig. 1) was placed on an optical bench
and illumination intensity from 0° to 180° was mea-
sured with a goniometer. Results (again, average plus/
minus one standard deviation for four instruments) are
plotted in Fig. 4b. Low-angle truncation was measured
geometrically from the mechanical design drawings.

For homogeneous, spherical particles of diameter D
and complex refractive index m, Mie theory predicts
the scattering intensity function | S(8, X, m)|? for scat-
tering angle 6 and size parameter X (=wD\~"). This
can be integrated over angle to yield the single particle
scattering efficiency (per unit cross-sectional area) Q:

1 s
Ou(\,, m, D) = 3(—5.[ | S(6, X, m)|? sindf. (32)
0

The subscript k is used in (32), following the discus-
sion above, to indicate the ‘‘known’’ or ‘‘true’’ scat-
tering value that the nephelometer is attempting to mea-
sure. To simulate the nephelometer response, a modi-
fied Mie integral is used in which f(8) replaces sin(8)
and integration over f; (\) replaces the assumption of
monochromatic light. Single particle scattering effi-
ciency as sensed by the simulated nephelometer is des-
ignated Qg

Qsim(hi, m, D)
-y
:-{) )?J; |58, X, m)|>£(6)dgf; \)dN.  (33)

Multiplication by particle cross-sectional area and in-
tegration over the particle size distribution, N(D),
yields the scattering coefficient sensed by the simulated
nephelometer .

Usim()\i’ m, N(D))

© wD* ON
= sim\ /i 5 ’ D
j:) Qain(Ni, m, D) 4 Q9logD

dlogD. (34)
The nephelometer senses the scattering integral de-
scribed by (33) and (34). However, it is calibrated
with gases to report the correct scattering coefficient o,
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for any Rayleigh-scattering medium. To account for
this calibration, we have introduced [Eq. (2); Fig. 3a]
a Rayleigh-regime correction factor K. The predicted
nephelometer measurement o, is given by the product
of o4m and Kg, as shown in (3).

d. Predicted scattering of laboratory
generated particles

For the particle tests, narrow size distributions of di-
ethylhexyl-sebacate (DES) were produced with a con-
densation monodisperse aerosol generator (CMAG;
model 3472, TSI, Inc.) and further narrowed by pas-
sage through a differential mobility analyzer (DMA;
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model 3071A, TSI, Inc.) These two instruments are
complementary in that the condensation process within
the CMAG produces a small-particle tail that is elimi-
nated by the DMA, while the potential for electrical
mobility doublets and triplets from the bipolar charging
process in the DMA is eliminated by the fact that the
CMAG does not produce a tail at large sizes. Following
the DMA, the aerosol stream was diluted and split, with
20 liters per minute (LPM) drawn through the nephe-
lometer and 1 LPM drawn through a scanning mobility
particle sizer (SMPS; model 3934, TSI, Inc.). The
SMPS was used as a check for small or large particle
tails and to estimate the breadth of the size distribution,
which corresponded to a geometric standard deviation
of less than 1.1 for all tests. Particulate number con-
centration was determined with a condensation particle
counter (CPC; model 3010, TSI, Inc.) sampling di-
rectly from the nephelometer scattering volume. Flows
for all instruments, but most critically for the DMA and
CPC, were measured with an electronic bubble flow
meter ( Gilibrator, Sensidyne-Gilian Corp., Clearwater,
Florida), with assumed uncertainty of +1%.

The properties of DES are listed in Table 2. Infor-
mation on the wavelength dependence of refractive in-
dex was obtained from the German CMAG manufac-
turer (Topas GmbH, Dresden, Germany). The stated
uncertainty in refractive index (*=0.005) is based on
comparisons of the Topas GmbH data to our own mea-
surements (1.450 =+ 0.003 for white light) and to values
listed (for 589.3 nm) in standard references (CRC
1994, 3—140; Merck 1989, p. 194, No. 1263). Use of
bulk refractive index assumes the generated particles
were pure DES; however, the CMAG requires nonvola-
tile ‘‘seed’’ particles to initiate condensation. In our
- case, these seed particles were 20-nm-diameter NaCl
crystals, which introduce a maximum contamination of
about 1 part per 1000 by volume. Since NaCl and DES
have similar refractive indices (1.54 and 1.45, respec-
tively) the presence of this NaCl contaminant is as-
sumed to have a negligible affect on the particulate
light scattering.

As a hydrophobic liquid, DES will form spherical
particles, as assumed by Mie theory, which are unaf-
fected by ambient water vapor. Light scattering by
these particles can be predicted from a knowledge of
refractive index, size distribution, and number concen-
tration. (Light absorption is negligible.) The DMA pro-
duces a triangular size distribution, which we represent
by central diameter D, and relative base width W, both
of which can be predicted from the DMA flow and
voltage settings. Thus, particle scattering is a function
of four parameters: o,(n, N, D,., W), where n is the
real part of refractive index and N is number concen-
tration (cm™2). Refractive index uncertainties are given
in Table 2. The uncertainty in N for particles well above
the CPC detection limit is essentially identical to the
flow-rate uncertainty of +1%. For a 10:1 ratio of DMA
sheath to sample flow as used in these experiments, W
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TABLE 2. Properties of di-ethylhexyl-sebacate (DES).

Alternate names: decanedioic acid bis (2-ethylhexyl) ester;
Bis (2-ethylhexyl) sebacate

CasHs004

426.7

0.912 at 25°C

1.456 + 0.005 — 0.0/ at 450 nm

1.452 * 0.005 — 0.0i at 550 nm

1.446 * 0.005 — 0.0i at 700 nm

Formula:
Molecular wt.:
Density (g cm™):
Refractive index:

= 0.20 (full width at base of triangle relative to D,.).
We estimate the uncertainty of D, and W as =2% and
+0.04, respectively, due to flow and geometrical un-
certainties of the DMA (Kinney et al. 1991). Predicted
scattering o, is calculated by the modified Mie integra-
tion described in (33) and (34 ). The uncertainty of this
prediction is calculated by summing the uncertainties
due to each of the four parameters—n, N, D,., and
W —according to (14). This requires finding the de-
rivative of o, with respect to each parameter. Here do ,/
ON is simply the average scattering per particle—a
direct output of the modified Mie calculation. The cther
derivatives are found numerically using

Oy ¥y +6p) —y(pi — pi).
26p; ’

Op;
where the parameter uncertainties dp; are given above
or in Table 2.

(35)

3. Results

a. Gas tests 1: Uncertainties due to calibration,
zeroing, and noise

Photon-counting rates for the high and low span
gases are a useful diagnostic of nephelometer perfor-
mance. From these data, which are reported by the
model 3563 after each calibration, uncertainties for any
averaging time and scattering level may be’calculated
using the formulas from the last section. Example data
are given in Table 3. Based on these photon-counting
rates, Table 4 presents detection limits, Fig. 5 and Table
5 present predicted photon-counting uncertainties in
comparison to measured uncertainties, and Table 6 pre-
sents photon-counting uncertainties in comparison to
other sources of uncertainty.

To measure nephelometer noise, tank air and CO,
were sampled for one hour each and these data were
grouped into 2-, 10-, 60-, and 300-s averages. Noise
levels were assessed as the standard deviation for each
grouping. These data showed no drift over time, so de-
trending was not necessary. Referring to (17), measure-
ment noise levels involve random uncertainty in the
quantity (C,, — C,). However, for measurements such
as these based on a single zeroing procedure, C, is con-
stant such that measurement noise can be calculated
from the Poisson uncertainty in C,, only. The compari-
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TABLE 3. Typical nephelometer photon counts for air and CO,.

Scaled count rates (Hz)

Normalized count rates

Cs—cal Cs-dark CS—sig CS-—sigAb Cio or Cyy; Ciop OF Cyip

AIR (low-span gas)
Blue 143 500 2 912 442 6.34E—-03 3.07E-03
Green 437 000 4 1402 685 3.20E-03 1.56E—03
Red 527 200 207 1119 845 1.73E-03 1.21E—-03

CO, (high-span gas)
Blue 147 600 2 2303 1115 1.56E—-02 7.54E-03
Green 446 300 3 3259 1601 7.30E-03 3.58E—-03
Red 536 900 155 1881 1197 3.22E-03 1.94E-03

Scaled count rates as reported by the 3563 nephelometer for measurements made at 293 K and 950 mb. Quantities are defined in text

surrounding Egs. (24) and (25).

son between measured and calculated noise levels (Fig.
5) is quite good and does not indicate any systematic
discrepancy. This implies that measurement noise is
dominated by photon-counting uncertainty and can be
predicted accurately from Poisson statistics. This further
implies that random noise in the T and P measurements
is not a significant source of uncertainty, which justifies
our neglect of the term 6(oy_y — 04—,) in (17).

The ability to predict noise implies an ability to pre-
dict detection limits. The first step is to estimate the
photon-counting rates associated with an arbitrary scat-
tering coefficient. Given calibration constants, K,, K,
W, and W, (4) and (5) may be solved for the nor-
malized photon-counting rates, C,, and C,,;, respec-
tively. Scaled counting rates may then be estimated by
assuming C,_g,q and C,_, are constant and solving

(24) for C,_;,. Given an averaging time 7, the scaled
counting rates may be converted to an estimated noise
level via (27) and (28). Calculating noise in this man-
ner and defining detection limits as a signal-to-noise
ratio of 2, detection limits as a function of averaging
time are shown in Table 4.

Photon-counting uncertainty affects the accuracy of
the gas calibration and zeroing procedures. This source
of error (which introduces systematic error for mea-
surements based on one calibration but random error
for long-term averages based on a large number of cal-
ibrations) may be estimated given the averaging time
used during calibrations (300 s in our case) and assum-
ing that errors due to incomplete flushing of the sensing
volume prior to calibration are negligible. Uncertainties
in photon counts during calibration and zeroing con-

TABLE 4. Detection limits* (Mm™) as a function of averaging time.

Averaging time (s)

2 10 60 300 1800 9000
(a) Measurement photon-counting noise only
a0 3.76 1.62 0.65 0.29 0.12 0.05
anl 1.40 0.61 0.25 0.11 0.05 0.02
al® 2.18 0.95 0.38 0.17 0.07 0.03
oo 2.56 1.09 0.43 0.19 0.08 0.04
o3 0.93 0.40 0.16 0.07 0.03 0.01
ol 1.82 0.79 0.32 0.14 0.06 0.03
(b) Measurement noise plus noise during
zeroing procedure**
oo 3.95 1.86. 0.85 0.44 0.38 0.33
a3’ 1.47 0.70 0.33 0.17 0.14 0.13
o 2.29 1.09 0.49 0.26 0.22 0.20
iy 2.69 1.25 0.56 0.29 0.25 0.22
oy 0.98 0.46 0.21 0.11 0.09 0.08
o 1.91 0.91 0.42 0.21 0.18 0.16

* Defined by signal-to-noise ratio of 2, where noise is predicted photon-counting uncertainty.
** Assuming a fixed averaging time for the zeroing procedure of 300 s.
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FIG. 5. Predicted (lines) and measured (points) nephelometer noise. As described in the text, the prediction is based on photon-counting
statistics and the measurement on the standard deviation of repeated measurements under steady conditions.

tribute to measurement uncertainty via the terms 6 (Cy;
— Cy)and 6(C,, — C,), respectively, as shownin (17).
Are there other sources of random error that contrib-
ute significantly to calibration uncertainty? To answer
this question, noise-induced uncertainty in the calibra-
tion constants was calculated by applying the general
uncertainty equation, (14), to (10)—(13). These cal-
culated uncertainties were then compared to measured
uncertainties based on repeated calibrations (10 each)
and zeroings (16 each). Measured uncertainty was as-
sessed as the standard deviation of the K,, K, W, and
W, values determined by these repeated procedures.
The predicted and measured uncertainties are com-
pared in Table 5. Considering the small sample sizes,
the agreement is very good (well within a factor of 2).
Most importantly, there is no evidence that predicted
uncertainty, based only on photon-counting uncer-
tainty, is an underestimate. As in the case of measure-
ment noise, this implies that photon-counting statistics
are the only significant source of random error affecting
the calibration and zeroing procedures.
. Equation (17) shows how photon-counting uncer-
tainties combine with uncertainties in the calibration
gas scattering coefficients to yield a total measurement
uncertainty (neglecting nephelometer nonidealities).

Three separate contributing terms are indicated in (17),
but the calibration gas (o, ) uncertainties actually divide
into literature and environmental (gas density) uncer-
tainties, as discussed in relation to (18) and (19). Thus,
there are four logically separable contributing terms.
These are compared and summed in Table 6 for two
levels of particle scattering. Table 6a indicates that cal-
ibration errors approach zero as particle scattering lev-
els approach zero. In this case, uncertainty is com-
pletely dominated by measurement noise and noise dur-
ing the zeroing procedure. Table 6b shows that at
higher particle scattering levels, the dominant source
of uncertainty for 60-s averaging is uncertainty in the
literature values of air and CO, scattering coefficients.
In section 4 we will consider the implications of these
comparisons.

It is important to note that the photon-counting rates
for a fixed scattering value (e.g., those presented in
Table 3) are highly variable. This variability is due to
1) unit-to-unit differences especially in photomultiplier
tube (PMT) sensitivity, 2) drift over time, and 3) user-
controllable lamp power and PMT voltages. Thus,
while the counting uncertainties presented here are typ-
ical, they are not a fixed feature of the model 3563
nephelometer. What is important is the ability to predict
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TaBLE 5. Calibration uncertainty due to
photon-counting uncertainty.

Pred Meas Meas/pred

6K, (m™") X 1000

Blue 0.024 0.032 1.33

Green 0.021 0.019 0.90

Red 0.042 0.070 1.67
8K, X 100

Blue 0.470 0.770 1.64

Green 0.430 0.380 0.88

Red 0.950 1.060 1.12
W (m™) X 10°

Blue 0.118 0.096 0.82

Green 0.047 0.043 0.91

Red 0.040 0.044 1.10
6W, (m ') x 10°

Blue 0.082 0.057 0.69

Green 0.033 0.026 0.80

Red 0.036 0.029 0.82

Abbreviations: pred — predicton; meas — measurement.

noise levels from reported photon-counting rates. Be-
cause of this ability, signal-to-noise ratios can be as-
sessed accurately and it is possible to optimize calibra-
tion procedures, lamp power, and PMT voltages for a
given application.

b. Gas tests 2: Linearity of response

Following the standard two-point calibration de-
scribed earlier (Fig. 2), accurate nephelometer mea-
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surements require a linear response to varying scatter-
ing coefficient. A straightforward test of this linearity
is to measure the nephelometer response to a particle-
free gas of varying density. We performed this test by
varying gas number density in eight discrete steps from
0.2 to 0.8 of STP (0°C, 1013.2 mb). Tests with two
nephelometers, two gases (air and HFC134a), and
three wavelengths for both total scatter and backscatter
constitute 24 linearity tests with 192 data pairs of scat-
tering coefficient and gas density. The range of scat-
tering coefficients is from 0.2 to about 6 times the Ray-
leigh scattering of air at STP. Of the 24 tests, 22 yielded
linear regression correlation coefficients r* larger than
0.999, while the remaining two (both in red) yielded
r? values larger than 0.990. This indicates a highly lin-
ear response over a broad range of scattering coeffi-
cients. In addition, these tests demonstrate an absence
of significant mechanical deformation affecting the
measurements when the instrument is operated at pres-
sures down to 200 mb.

c. Particle tests

Tests with nearly monodisperse DES particles were
used to assess how well the TSI 3563 nephelometer
measurements of o, and o™, can be predicted from
Mie theory when (a) tests are conducted on laboratory
particles that satisfy the Mie assumptions and (b) the
measured wavelength and angular sensitivities of the
nephelometer are taken into account. This constitutes a
closure experiment as shown in Fig. 3b. If the discrep-
ancies between the actual nephelometer measurement

TABLE 6. Nephelometer uncertainties due to noise and calibration.

Meas. and zero Calibration Calib. gases, Calib. gases,
photon counts photon counts environment literature Sum
(a) Particle scattering = 0
S0 0 0.28 0.00 0.00 0.00 0.28
603° 0.11 0.00 0.00 0.00 0.11
ba 1% 0.10 0.00 0.00 0.00 0.10
60330 0.20 0.00 0.00 0.00 0.20
b0 3y 0.08 0.00 0.00 0.00 0.08
regen 0.09 0.00 0.00 0.00 0.09
(b) Particle scattering = 1.6 X (air scattering)
b0 30 0.42 0.22 0.23 0.56 0.77
bo3 0.16 0.08 0.10 0.25 0.32
50 100 0.11 0.06 0.04 0.09 0.16
50330 0.29 0.10 0.11 0.27 0.43
b0 33 0.11 0.04 0.05 0.12 0.18
ba 1% 0.09 0.03 0.02 0.05 0.11

Evaluation of terms in Eq. (17) for two different levels of particle scattering corresponding to (a) zero and (b) 1.6 times &;_; at 293 K
and 950 mb [see Table 1 and Eq. (18)]. The term in (17) labeled ‘‘calibration gases’’ has been split into environmental (7, P) uncertainties
and literature (STP) uncertainties, as discussed in the text. Photon count uncertainties were evaluated using the counting rates from Table 3
with averaging times of 300, 300, and 60 s for calibration, zeroing, and measurements, respectively. Calibration gas uncertainties are given
in Table 1 and Eq. (21). Sum—square root of the sum of the squares of the previous four columns. All values shown are absolute uncertainties

(Mm™).
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0., and the independently predicted nephelometer mea-
surement o, are within experimental uncertainties, then
the theoretical and experimental methods are validated
and their combined uncertainty is established.

Tests were conducted at four sizes (central diame-
ters, D,., of 0.2, 0.4, 0.5, and 0.6 um), spanning most
of the accumulation mode size range. At one size (D,
= 0.4 pm), concentration was varied by changing the
dilution flow such that a total of six independent tests
were performed. In Fig. 6, both ¢, and o, have been
normalized by the measured particle number concen-
tration, N (cm™?), in order to display the results as a
function of particle diameter. Predicted scattering and
backscattering are plotted as continuous lines, while
measured values are plotted as points.

Table 7a summarizes the conditions for each test and
Table 7b evaluates closure in relation to both the av-
erage and the maximum discrepancies among the tests.
Experimental uncertainty was estimated as the sum of
contributions from nephelometer noise and calibration
uncertainty [using Eq. (17)] and from uncertainties in
generating and counting the DES particles [using the
stated uncertainties in each contributing term and Eqgs.
(14) and (35)]. Because uncertainties are estimated as
the quadratic sum of the various contributing terms
(i.e., implicitly assuming no correlation among terms),
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they are likely to underestimate the maximum uncer-
tainty associated with individual tests. Table 7b shows
that discrepancies for all parameters are within exper-
imental uncertainty when average discrepancies are
compared to average experimental uncertainties and
maximum discrepancies are compared to twice the ex-
perimental uncertainty for the corresponding test.

Overall, this indicates a successful closure experi-
ment and an objective determination that the TSI 3563
nephelometer measurements for accumulation mode
particles can be predicted by Mie theory with an av-
erage uncertainty of at most 10%. Table 6 also shows
that the experimental uncertainties for these tests are
dominated by particle generation uncertainties, not
nephelometer uncertainties. Therefore, it is possible
that improved experimental procedures could demon-
strate even better agreement.

d. Evaluation of nephelometer size-dependent
performance

As shown in Fig. 3b, calculation of o, incorporates
the wavelength and angular sensitivities of the nephe-
lometer into a modified Mie integral. The previous sec-
tion established that ¢, is indeed a good predictor of
the actual nephelometer measurement o,,. In this sec-
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wavelength and angular nonidealities. Quantitative discrepancies are summarized and compared to experimental uncertainties in Table 7.
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TABLE 7. Closure experiments with nearly monodisperse particles.

(a) Test conditions

D, N T fops Ohsp
Test (pm) w (cm™3) (s) Mm™Y) Mm™h
1 0.200 0.20 1477 1560 12 39
2 0.400 0.20 116 240 27 2.1
3 0.400 0.20 226 480 50 4.0
4 0.400 0.20 291 180 66 53
5 0.500 0.20 707 1080 324 22
6 0.600 0.20 545 3060 464 34
Uncertainty 2% +0.04 *1%
(b) Closure analysis
Total scatter Backscatter
Blue Green Red Blue Green Red
Ave. discrep. ~4.7% —4.6% ~2.9% -0.3% ~2.3% 6.1%
Ave. abs. discrep. 4.7% 5.1% 4.4% 3.8% 4.1% 7.2%
Ave. exp. uncert. *7.6% *7.8% *10.1% *7.5% *7.9% *8.1%
Ave. gen. uncert. +7.3% *7.6% +9.8% *6.6% +7.6% +6.7%
Ave. neph. uncert. *+1.8% *1.7% +2.4% +3.4% *2.2% +4.0%

Max. discrep. test No. 5 5 5 1 5 2
Max. discrep. ~11% -13% ~9% 9% —10% 11%
2 X (exp. uncert.) 13% 15% 15% 9% 16% 18%

D,. and W are the central diameter and relative width of the triangular size distribution transmitted by the differential mobility analyzer;
N is the particle number concentration measured within the nephelometer; 7 is the sample time for the nephelometer measurement; 03,0 and
o by are the measured scattering coefficients measured at 550-nm wavelength. Uncertainty values given at the bottom of part (a) were used
in the calculation of 60,: ave. discrep. — average of (¢,, — 0,)/0,,; ave. abs. discrep. — average of |o,, — 0, |/0,; ave. exp. uncert. — average
of (60} + 80}) "?/c,; ave. gen. uncert. — average of 0,/0,, where 6o, is the portion of experimental uncertainty due to the generation and
counting of particles of known size distribution and refractive index; ave. neph. uncert. — average of éo,./c,, where éu,, is the portion of

experimental uncertainty due to nephelometer noise and calibration uncertainties as summarized in Eq. (17); max. discrep. test # — test

number that produced the maximum value of |o,, — 0, |/c,; max. dscrep. — (¢,, — 0,,)/o, for the max. discrep. test; 2 X (exp. uncert.) —

twice the experimental uncertainty for the max. discrep. test.

tion, we evaluate the effects of nephelometer nonideali-
ties by comparing o, to the true scattering or back-
scattering coefficient o,. Because both o, and o, are
calculated quantities, the comparison can be made for
arbitrary size distributions and refractive indices.
Figure 7 illustrates the size-dependent nephelometer
performance for lognormal size distributions, assuming
a refractive index of (1.45 — 0i) and geometric stan-
dard deviation of 2. Note that the predicted nephelom-
eter error is less than 20% for all values of geometric
volume mean diameter D,, less than 1 um. For typical
accumulation-mode size distributions (0.2 < D,
< 0.4), errors are less than 10%. Note also that errors
for backscatter and total scatter are in the opposite
sense for accumulation mode particles where nephe-
lometer nonidealities will result in a systematic exag-
geration of the backscatter-to-total-scatter ratio R by up
to about 15%. For coarse-mode particles (D,, > 1 pm)
nephelometer errors remain modest for backscatter
(<10%) but increase dramatically for total scatter
(20%—-50%). This reflects the fact that for large par-
ticles, o, becomes increasingly dominated by scatter-
ing in the near-forward direction where it is not sensed

by the nephelometer. Note that measurements of R on
coarse mode particles will be exaggerated by nearly the
same relative amount that total scattering is underesti-
mated.

4. Discussion
a. Sources of uncertainty

For low concentrations and/or short sampling times,
photon-counting statistics tend to dominate nephelom-
eter uncertainty. We have shown that this portion of
uncertainty can be assessed accurately from the photon-
counting rates reported by the TSI 3563 nephelometer.
While detection limit has been defined in the past with
regard to noise during the air-plus-particle measure-
ment (e.g., Bodhaine et al. 1991), noise during the fil-
tered-air measurement (i.e., during the zeroing proce-
dure) must be considered as well, since the derived
particle scattering coefficient depends on the quantity
(C, — C,), as shown in (17). The two definitions of
detection limit are compared in Table 4 for a fixed fil-
tered-air averaging time of 300 s. As shown in Table
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Fic. 7. Predicted nephelometer performance for lognormal distri-
butions. For a given volume mean diameter D,,, the known scattering
coefficient o is calculated from standard Mie theory, and the pre-
dicted nephelometer measurement o, is calculated from a modified
Mie integration that incorporates the nephelometer wavelength and
angular nonidealities. Assumed values for the particle refractive in-
dex and the geometric standard deviation of the size distribution are
1.45 and 2, respectively. The ratio of ¢, to o, is plotted for total
scatter and backscatter at each of the three nephelometer wave-
lengths. The primary x axis is size parameter X = wD,,/\. Additional
x axes show the particle diameters for each wavelength. The small
differences among the wavelengths for the same size parameter are
due to different wavelength sensitivities (Fig. 4a).

4b, increasing the averaging time for the air-plus-par-
ticle measurement much beyond the averaging time for
the filtered-air measurement will not produce a signif-
icant decrease in detection limit. This implies that for
measurements near the detection limit, the optimal
strategy would be to devote approximately equal time
to filtered-air and air-plus-particle measurements.
While the detection limits reported in Table 4 are some-
what higher than those reported by previous investi-
gators for similar designs (Heintzenberg and Bicklin
1983; Bodhaine et al. 1991), this does not imply poorer
performance by the TSI 3563 but rather a more rigor-
ous definition and determination procedure. We can
state this with confidence because the photon-counting
rates of the TSI 3563 are very similar to those reported
by Bodhaine et al. (1991) and we have shown that there
are no significant sources of random uncertainty other
than photon-counting statistics.

For particle scattering coefficients above about 1
Mm™! and averaging times longer than about 60 s, sys-
tematic rather than random sources of uncertainty be-
come dominant. Systematic uncertainties logically di-
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vide into uncertainties associated with the gas calibra-
tion, which are not size-dependent and that are assessed
in Table 6, and uncertainties due to wavelength -and
angular nonidealities, which are strongly size depen-
dent, as shown in Fig. 7. Calibration uncertainties di-
vide into photon-counting uncertainties during the cal-
ibration, gas density uncertainties during the calibra-
tion, and uncertainties in the literature values of the
calibration gas scattering coefficients at STP. Together,
calibration uncertainties introduce about a 1% uncer-
tainty to particle scattering measurements, which is
small compared to uncertainties associated with neph-
elometer nonidealities. Moreover, calibration uncer-
tainties are dominated by uncertainty in the scattering
coefficient of the high span gas, CO,, at STP,
O-co,(STP), which is not a function of nephelometer
performance. Thus, improvements in the temperature
and pressure measurements (which would reduce gas
density uncertainties) and/or increases in calibration
averaging times much beyond the 300 s used here
(which would reduce photon-counting uncertainties dur-
ing calibration) are not warranted at this time. On the
other hand, the TSI nephelometer itself offers an excel-
lent tool for reducing uncertainty in o4_co,(STP) as dis-
cussed in section 4c.

The gas calibration procedure corrects for nephelom-
eter nonidealities in the small particle limit, but this
Rayleigh-regime correction becomes imperfect in the
Mie scattering regime due to changes in the distribution
of scattered light. The dominant nephelometer nonide-
ality is the forward scattering truncation from 0° to ap-
proximately 7°. Because particle scattering becomes in-
creasingly concentrated into the forward lobe as parti-
cle size increases, forward truncation errors are always
negative (i.e., o, is underestimated) and increase sys-
tematically with particle size. This source of error,
which is the dominant feature in Fig. 7, is modest (a
few to 10%) for accumulation mode (submicrometer)
particles but rather severe (20%-50%) for coarse
mode (supermicrometer) particles. In contrast, nephe-
lometer measurements of o,y remain quite accurate
(well within =10%) up to particle diameters of at least
10 pm. Errors arising from wavelength nonidealities
are responsible for the differences among the three
backscatter and the three total scatter curves in Fig. 7.
These errors are of order 2%—3% and do not vary sys-
tematically with size.

The issue of water vapor affecting o_,;, should be
carefully considered for high-RH or varying-RH mea-
surements for which oy, or o, is less than o,_;. For
instance, (23) and the text immediately following in-
dicate that at 30°C operating temperature, o_,, Will
decrease by 0.7% between 30% and 85% RH. Thus, if
dual-RH measurements were made on a completely hy-
drophobic aerosol with a scattering level o, that was
10% of o_,:., there would be an apparent (erroneous)
7.2% decrease in o, in changing RH from 30% to 85%.
Because this effect varies inversely with the absolute
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magnitude of o, it will generally be greater at longer
wavelengths and for o,,,.

b. Nephelometer applications

Based on our investigation of the performance char-
acteristics of the TSI 3563 nephelometer, we suggest
the following general areas of application:

1) Measuring the scattering coefficient of arbitrary
gases. Accuracy here is limited only by the nephelom-
eter calibration and photon-counting statistics. Uncer-
tainties within =1% can be achieved.

2) Measuring the scattering coefficient of submicro-
meter particles. Accuracy is reduced by nephelometer
nonidealities but is still quite good (generally well
within =10%). Removal of supermicron particles by
impaction ahead of the nephelometer is required to
achieve this accuracy. Importantly, the accuracy is not
affected by the composition or physical state of the
particles.

3) Use the six measured parameters to derive inten-
sive optical properties of submicrometer particles. The
backscatter-to-total-scatter ratio and the wavelength
dependence of particle scattering can be measured by
the 3563 nephelometer to well within =20%. For ac-
cumulation mode particles, there is a small but system-
atic tendency to overestimate the backscatter-to-total-
scatter ratio. Independent measurements of particulate
mass and chemical composition allow other intensive
properties—for example, mass scattering efficiency or
component scattering efficiency—to be derived.

4) Use humidity preconditioning of the sampled
aerosol to study how particulate scattering is affected
by hydration.

For these experiments, additional sources of uncer-
tainty (not discussed here) include the accuracy of RH
control, the variations of RH within the nephelometer
due to sample heating by the lamp, and possible kinetic
effects preventing particles from achieving equilibrium
levels of hydration. Taken together, applications 2, 3,
and 4 allow a determination of the key aerosol prop-
erties relative to their radiative/climatic effects.

c. Future work

The main source of calibration uncertainty is uncer-
tainty in the scattering coefficient of CO, (and the other
potential high-span gases.) Laboratory studies to re-
duce this uncertainty could be carried out with a 3563
nephelometer calibrated with air and He or with air at
two densities. Reducing the uncertainty of o;_y, (STP)
for calibration gases CO,, SFs, and HFC-134a to the
uncertainty of o, (STP) would be extremely useful.
In addition, careful measurements of the water vapor
effect on o,_,;,, estimated in (23 ), would be useful for
RH-scanning nephelometer.
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While the particle tests described herein did find
agreement within experimental uncertainty, these tests
could be made more rigorous by 1) reducing the ex-
perimental uncertainty (especially the uncertainties of
particle size and concentration ) and 2) conducting tests
at larger (i.e., supermicron) particle sizes where the
effects of nephelometer nonidealities are predicted to
be much greater. The difficulty of producing and con-
veying known concentrations of large particles pre-
vented their inclusion in this work.

5. Conclusions

The performance characteristics of a high-sensitiv-
ity, three-wavelength, total scatter/backscatter nephe-
lometer (TSI, Inc., model 3563) have been investigated
through laboratory experiments with gases of known
scattering coefficient and particles of known size and
refractive index. The overall goal is to understand un-
certainties associated with the nephelometer measure-
ment of light scattering and hemispheric backscattering
by particles. Key results are as follows:

¢ Nephelometer measurements rely on calibration
with gases of known scattering coefficient and an as-
sumption of linear response to varying scattering co-
efficient. Tests with gases of varying refractive index
and density (down to 0.2 atm) showed that the linearity
assumption is extremely reliable.

e For low particle concentrations or short sampling
times, random noise is the dominant source of nephe-
lometer uncertainty. For typical operating conditions
and a signal-to-noise criterion of 2, the detection limits
for 5-min averages are 0.2 and 0.1 Mm™' for total scat-
ter and backscatter, respectively, at 550 nm. This as-
sessment includes noise during the zeroing procedure
with filtered air.

e Noise levels for arbitrary conditions can be pre-
dicted accurately from the photon counts during the gas
calibration procedure, which are reported by the 3563
nephelometer. Thus, noise levels and detection limits
for each instrument and application can be determined
and, to a large extent, controlled by adjustments to lamp
brightness, measurement sample times, and the fre-
quency and duration of filtered-air measurements.

e For particle scattering coefficients above about 1
Mm™' and averaging times longer than about 60 s, sys-
tematic rather than random sources of uncertainty be-
come dominant. These logically divide into gas-cali-
bration uncertainties, which are independent of particle
size, and uncertainties due to wavelength and angular
nonidealities, which are strongly size dependent.

e The gas calibration contributes about a +1% un-
certainty to particle scattering measurements. The dom-
inant cause is uncertainty in the scattering coefficient
of the high span gas CO,. (Other potential span gases
are even less accurately known.) Reduction of this un-
certainty would be useful and could be undertaken with
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a 3563 nephelometer calibrated with air and He or with
air at two densities.

e A lJarger source of systematic uncertainty stems
from nonidealities in the wavelength and angular sen-
sitivities of the 3563 nephelometer. These nonidealities
(which are a feature of any practical nephelometer de-
sign) were measured and incorporated into a theoretical
nephelometer simulation. Using nearly monodisperse,
laboratory particles of known size, refractive index, and
number concentration, predicted and actual nephelom-
eter measurements were found to agree within experi-
mental uncertainties of =10%. This closure experiment
provides an objective measure of the combined uncer-
tainties associated with the nephelometer integration of
light scattering by particles, the generation of particles
of known optical properties, and the modified Mie in-
tegration used to simulate the nephelometer. Because
experimental uncertainty for these tests was dominated
by particle generation uncertainty, future laboratory ex-
periments may be able to demonstrate even better clo-
sure.

¢ Extrapolating our nephelometer simulation to the
continuum of particle sizes, we find that nephelometer
nonidealities introduce uncertainties of less than 10%
for typical accumulation mode particles sizes (i.e., vol-
ume mean diameters between 0.2 and 0.4 um). For
coarse mode particles (diameters greater than 1 pm)
nephelometer errors remain modest for backscatter
(<10%) but increase dramatically for total scatter
(20%—-50%). This reflects the fact that the nephelom-
eter does not sense near-forward scattering, which be-
comes an increasing dominant part of total scattering
for large particles.

¢ Based on these findings, the 3563 nephelometer
appears highly suited for at least four types of appli-
cations: 1) measuring the scattering coefficients of ar-
bitrary gases, 2) measuring the scattering coefficients
of accumulation mode particles (which requires re-
moval of coarse mode particles by impaction), 3) using
the six measured scattering coefficients to derive aero-
sol optical properties such as the backscatter-to-total-
scatter ratio and the wavelength dependence of light
scattering, and 4) using humidity preconditioning of
the sampled aerosol to study how light scattering is
affected by particle hydration. Taken together, appli-
cations 2, 3, and 4 allow a determination of key aerosol
properties relative to their radiative/climatic effects.
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APPENDIX
Angular Integration by an Ideal Nephelometer

During its passage through the atmosphere, light is
attenuated according to the Beer—Lambert law,
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dl
T — OexdZ, (AD)

where dz is an increment of distance and o,,,, the vol-
ume extinction coefficient (m™"), consists of four sep-
arable components due to scattering and absorption by
particles and gases. The particulate scattering coeffi-
cient oy, and hemispheric backscatter coefficient Obsp
for a given wavelength \ can be expressed as the in-
tegral over scattering angle 8 of the particulate volume
scattering function £,(6) (m™" sr™') (Middleton 1952,
16—17):

o, =2 fo B,(0) sinfdb (A2a)

Opypy = 2T f/z B,(8) sinfd b, (A2b)

where §,(0), in turn, can be related to scattering by a
population of particles with number concentration N
and size distribution N(D) by

" 1S9, X, m)|>7D*> ON
Ww‘f 27X 2 4 dlogD

dlogD,

(A3)

where | §(8, X, m)|?is the scattering intensity function
for a single particle of size parameter X (=wD\™') and
complex refractive index m. For an internally homo-
geneous sphere, the dependence of S on 4, X, and m is
described by Mie theory.

Scattered light sensed by the nephelometer repre-
sents a geometrical integration of 5,(8) such that, in
the ideal case, its signal is proportional to o, and o,,.
This geometrical integration will now be derived.

Here (,(#) is the proportionality constant relating
incident flux density F,, (W m™?) impinging on a vol-
ume element dv (m®) to scattered intensity 1(§)
(Wsr™h): '

1(0) = FafB,(8)dv. (A4)

Within the nephelometer, cylindrical volume elements
correspond to each scattering angle ¢ as shown in Fig.
Al. The illumination flux density along the nephelom-
eter axis is given by

power Iy cos¢
dv = = 2 = 2 s
area  hwg sece h

Iow¢

(AS)

where I, is the illumination intensity constant for an
isotropic (Lambertian) emitter, ¢ is the illumination
angle with respect to the nephelometer axis, wy, is the
increment of solid angle represented by dv with respect
to the light source, and both the volume element and
the light source are assumed to be points. Using the
geometrical relations sinf = cos¢ and h = y cscfl, we
have
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Fic. Al. Nephelometer geometry used in deriving the angular integration of scattering.
The vertical scale is greatly exaggerated.
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The volume of each cylindrical scattering element is
dx times the disc area. For small increments, dx = h
secpdd = h cschdf and for small values of wensr the
disc area is (7 — x)%wgnsor- Using these relations (and
h =y csc from above),

dv = (r — x) Weensory €8¢26d0. (A7)

Equation (A4) may now be rewritten as
I
1(8) = ;9 (F = X)*WensorBp (8) sinfdh.  (A8)

Considering the volume element dv to be a point source
of scattered light with intensity distribution described
by (A8), the increment of flux density received at the
sensor dF ... Will be inversely related to the square of
the distance to the sensor:

1(6)
(r—x)*’

Substituting from (A8) into (A9) and integrating over
all volume elements (that is, over all scattering angles),

dF sensor = (A9)

Fensor = Kf B,(8) sinfd?, (A10)

where K (= ljwsensor/¥) s an instrumental constant.
Comparing (A2) and (A10) shows that the nephe-
lometer signal for this idealized case will be propor-
tional to o, and o, given the same limits of integra-
tion. The key assumptions for this geometrical deriva-

tion are that the nephelometer senses scattering from 0°
to 180° for total scatter and 90° to 180° for backscatter,
that each volume element acts as a point source of scat-
tered light, and that the sensing volume is illuminated
by a point source of isotropic light. An additional (non-
geometric) assumption for the measurement of o™,
and o™ »sp- Where \; represents one of the nominal
nephelometer wavelengths, is that the nephelometer re-
sponds to monochromatic radiation at the exact nomi-
nal wavelength. How practical nephelometer designs
differ from this idealized case is discussed in the main
text along with the consequences of these differences.
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